More than 30 neurotrophins have been identified, and many of them have neuroprotective effects in brain ischemia or injury. However, all the clinical trials with several neurotrophins for the treatment of acute ischemic stroke or neurodegenerative diseases have failed so far, primarily because of their poor blood-brain barrier (BBB) permeability. This article is an overview of recent progress in the research focused on BBB targeted neurotrophins using a chimeric peptide approach, in which antitransferrin receptor antibody was used as a BBB delivery vector, and neurotrophin peptide was conjugated to the antibody via the avidin/biotin technology. Vasoactive intestinal peptide was the first model chimeric peptide to show an enhanced CNS effect after noninvasive peripheral administration. Brain-derived neurotrophic factor (BDNF) chimeric peptide was neuroprotective in rats subjected to transient forebrain ischemia, permanent focal ischemia, or transient focal ischemia. Delayed treatments with the BDNF chimeric peptide showed an effective time window of 1-2 h after ischemia. Basic FGF chimeric peptide was highly effective in the reduction of infarct volume in the rat model of permanent focal ischemia, with lowest effective dose of 1 g per rat. Future studies in this exciting area include genetically engineered fusion proteins or humanized antibodies for BBB drug targeting with less immunogenicity and reduced working burden in the chemical conjugation, the use of antihuman insulin receptor antibody for higher BBB delivery efficiency, and combination therapies using chimeric neurotrophins plus other neuroprotectants to achieve additive or synergistic effects.
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ISCHEMIC STROKE AND THROMBOLYTIC THERAPIES
Stroke is the third leading cause of death in the developed countries and the leading cause of major adult disability. It was projected that, if the age-specific rates of stroke remain unchanged, the overall number of strokes in the United States will increase from approximately 700,000 in 2002 to 1136,000 in 2025, owing to the rising percentage of the population in older groups. 1 Among the stroke patients, 85-90% of the cases are ischemic stroke with a predominant cause of cerebral arterial thrombosis. 2 Over the last decade, significant progresses have been made in the development of thrombolytic therapies for acute ischemic stroke. The first was the Food and Drug Administration-approved tissue plasminogen activator (tPA) in 1996. The benefits of tPA therapy were demonstrated in a National Institute of Neurological Disorders and Stroke-sponsored clinical trial. 3 The study showed that intravenous administration of tPA within 3 h of the onset of acute ischemic stroke improved clinical outcome at 3 months. Another advance was the demonstration that intra-arterial administration of prourokinase (proUK) initiated within 6 h of stroke onset was also beneficial for patients with middle cerebral arterial occlusion. 4 So far, the proUK therapy remains to be approved, and the need for skilled neuroradiological expertise is likely to limit its application in major medical centers as a second-line rescue therapy for patients who have failed intravenous tPA thrombolysis. 5 With the restrictive time window of 3 h, only 1-2% of patients with acute ischemic stroke are able to receive the tPA therapy. 6 In addition, thrombolytic therapies have increased risks of cerebral hemorrhage, which limits their applications for certain patients. Clearly, there is a crucial need for the development of neuroprotective therapies, which could be implemented alone, or in combination with thrombolytic approaches to improve clinical outcome of more patients with acute ischemic stroke.
CLINICAL TRIALS OF NEUROTROPHINS
The strategy of neuroprotection against ischemic brain injury has been always prioritized in the research of new therapies for acute stroke. However, so far, all neuroprotective trials have failed to show any benefits in humans. The basic research and clinical trials of neuroprotective agents have been intensively reviewed recently. [7] [8] [9] Although there are multiple underlying reasons for the failures, the blood-brain barrier (BBB) is an outstanding issue and will continue to be a hurdle in the future research and development of new therapies for acute ischemic stroke. The BBB is a natural barrier that keeps large molecules from entering the brain. Although cerebral ischemia causes disruption of the BBB, it occurs only after several hours of the onset. 10 Because the therapeutic time window for most neuroprotective agents is less than 6 h, 11 all the large molecule therapeutics cannot enter the brain from blood stream to achieve a pharmacological level within the brain, and this is especially true for neurotrophins, which are endogenous large molecule peptides or proteins. In the case of neurodegenerative diseases, such as Alzheimer's and amytrophic lateral sclerosis (ALS), the BBB appears intact, and keeps neurotrophins, as described below, from reaching targeted neurons to exert therapeutic effects after peripheral administration. 12 Nerve growth factor (NGF), as the name implies, is an endogenous neurotrophic factor for central cholinergic neurons, which are depleted in Alzheimer's disease. 13, 14 In animal studies mainly involving rodents, intracerebroventricular administration of NGF can rescue the cholinergic neurons, stimulate axonal growth, and improve cholinergic function. [15] [16] [17] Similarly, intracerebroventricular injection of NGF attenuated neuronal death in the hippocampi of gerbils subjected to brain ischemia. 18 Encouraged by these preclinical results, a female Alzheimer patient received NGF treatment in 1991. 19 This represented the first case of clinical trial with neurotrophin. Knowing the poor BBB penetration of NGF after peripheral administration, the patient received NGF via a slow intracerebroventricular infusion for a period of 3 months! Even so, the patient failed to show any sustained improvement in memory or cognitive functions. The reason for the failure is because of the bulk-flow of the cerebral spinal fluid (CSF) and the extremely slow rate (10 Ϫ6 cm/sec) of solute diffusion from CSF into brain tissue that severely limits the penetration of intracerebroventricular administrated NFG into the brain parenchyma where the cholinergic neurons were supposed to be targeted. 20 BDNF is a neurotrophin that promotes the survival and growth of developing neurons in vitro 21, 22 and improves motor neuronal functions in animal models. 23, 24 In animals subjected to transient forebrain ischemia, BDNF attenuated ischemic neuronal injury. 25 These experimental data prompted multiple phases of clinical trials with BDNF for the treatment of more than 1000 patients with ALS, a motor neuron degenerative disease. BDNF was administrated either via subcutaneous injection 26, 27 or through intrathecal infusion. 28 None of the trials showed any beneficial effects for ALS patients. The reason for the failure of the study using intrathecal administration is the same as the intracerebroventricular infusion of NGF, which was discussed earlier. The trials of BDNF after subcutaneous injection are unlikely to succeed, because of the poor penetration of BDNF across the BBB and because of unfavorable pharmacokinetics of the peptide (plasma half-life Ͻ10 min). 29 Basic FGF (bFGF or FGF2) is probably the most potent neurotrophic factor in the FGF superfamily. 30 bFGF is widely distributed in neuronal and non-neuronal tissues and has additional effects of mitogenic activity and vasodilatation. 31, 32 There is a growing body of evidence that bFGF is neuroprotective in a variety of preclinical studies, and data in this area had been reviewed by Ay and associates. 33 It should be noted that bFGF is a cationic peptide that undergoes transport across the BBB at a modest rate via absorptive-mediated transcytosis after intravenous administration. 34 This may explain why peripheral administration of bFGF at high doses (135-200 g/kg, i.v. infusion over 3 h) produced moderate neuroprotection (24-50% reduction of infarct volume in animals subjected to middle cerebral arterial occlusion). 33 However, a phase III clinical trial of bFGF in human subjects with acute ischemic stroke was stopped, owing to higher mortality rates in the treated groups as compared with the control group. 9, 35 A recent European-Australian phase II/III trial with bFGF (5-10 mg, i.v. infusion over 24 h) in a total of 286 patients with acute ischemic stroke confirmed that intravenous administration of bFGF did not produce any significant neuroprotection, instead caused dose-dependent hypotension and had an increased mortality rate in the treated patients. 36 The failure of these clinical trials with bFGF exemplifies the importance of BBB drug targeting to achieve a pharmacologically significant level of therapeutics in the brain while minimizing side effects in the peripheral. This strategy will be discussed in details below.
CHIMERIC PEPTIDE APPROACHES FOR TARGETING TRANSFERRIN RECEPTORS ON THE BBB
Brain drug delivery strategies can be generally categorized as 1) neurosurgical, 2) pharmacologic, and 3) physiologic approaches. 20 The most commonly used neurosurgical approach is the intracerebroventricular injection or perfusion. As discussed earlier, this method is invasive, and the intracerebroventricular route may be effective for the treatment of diseases of brain surface, such as meningitis, but not useful for targeting to the brain parenchyma because of the rapid bulk-flow of CSF, and extremely slow diffusion rate of solutes from the CSF into brain parenchyma. Pharmacologic approaches include liposomes and peptide lipidization. Because the BBB has a size exclusion (molecular weight, 300-500), these approaches are unlikely to be effective for the transport of neurotrophins (molecular weight usually over 10,000). By contrast, physiologic approaches for BBB delivery of peptide or protein drugs use a chimericpeptide strategy, wherein a nontransportable peptide drug, such as a neurotrophin, is conjugated to another peptide or protein that functions as a brain drug delivery carrier or vector. The model vector is the murine monoclonal antibody (mAb) against rat transferrin receptors designated as OX26. The transferrin receptors are highly expressed on the brain capillary endothelial cells, 37 which make up of the BBB in vivo. The binding of the OX26-neurotrophin conjugate to an epitope on the transferrin receptor triggers physiologic internalization, and receptor-mediated transcytosis through the BBB. The conjugation of the OX26 mAb to a neurotrophin is facilitated by the use of avidin or streptavadin technology. 20 This chimeric peptide approach has been successfully used for BBB delivery of several neurotrophins or peptide drugs, for which enhanced CNS pharmacologic effects or neuroprotection have been consistently demonstrated in a variety of animal models including brain ischemia.
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TARGETED VASOACTIVE INTESTINAL PEPTIDE FOR ENHANCEMENT OF CNS EFFECTS
Vasoactive intestinal peptide (VIP) is a 28-amino acid polypeptide that is widely distributed in gastrointestinal tissues, and the central and peripheral nervous system. 44 VIP has a variety of biological activities and plays a significant role in the regulation of cerebral blood flow. 45, 46 In addition, VIP has been demonstrated to have potent neuroprotective effects against human immunodeficiency virus gp120 protein, tetrodotoxin, amyloid ␤ peptides, and NMDA (an excitotoxin). [47] [48] [49] VIP can cause cerebral vasodilatation when directly applied to brain arterial preparations. 45, 46 However, no cerebral vasodilatation was observed when VIP was infused into the carotid artery, owing to the failure of VIP to cross the BBB in vivo. 20, 50 To facilitate VIP transport across the BBB in vivo, a VIP analog was monobiotinylated (abbreviated as bioVIPa), and the OX26 mAb was initially conjugated to avidin. 51 On the day of experiment, the bio-VIPa was added to the OX26-avidin, and a VIP chimeric peptide, e.g., bio-VIPa/OX26-avidin, was formed immediately due to prompt avidin/biotin binding. After intracarotid artery infusion at a dose of 12 g/kg, the VIP chimeric peptide produced a 65% increase in hemispheric brain blood flow in anesthetized rats, whereas equivalent dose of unconjugated VIP analog did not show any CNS effects. 51 The intra-arterial infusion of the VIP chimeric peptide was necessitated for pharmacokinetic reasons because the introduction of avidin significantly increased the rate of blood clearance of the VIP chimeric peptide after intravenous injection. As a result, the plasma AUC (area under the curve) of the VIP chimeric peptide was markedly reduced as compared with that of unconjugated OX26 mAb. 52 This pharmacokinetic problem was eliminated by the use of streptavidin (SA), a neutral form of avidin, which keeps the avidin/biotin binding property, but has a slower blood clearance and an enhanced plasma AUC. 53 After optimization of the pharmacokinetics of the BBB delivery vector, e.g., OX26-SA, the biological activity of the chimeric peptide, e.g., bio-VIPa/OX26-SA, was evaluated by a radioreceptor binding assay. 39 As shown in Figure 1 , the VIP receptor binding affinity was retained in the nanomolar range after biotinylation and subsequently bound to the vector OX26-SA. Subsequent studies showed the brain uptake of the chimeric peptide, bio-VIPa/OX26-SA, was significantly enhanced after in- travenous administration, owing to the increased plasma AUC and BBB permeability-surface area product (PS). One hour after intravenous injection, the brain uptake expressed as percentage of injected dose (ID) per gram was nearly ten times higher than that of bio-VIPa without conjugated to OX26-SA (0.119% vs 0.013% ID/g). The CNS effects, e.g., vascular conductance and cerebral blood flow, of the VIP chimeric peptide, were tested in conscious rats after intravenous injection in comparison with unconjugated bio-VIPa or OX26/SA as controls. Administration of the unconjugated bio-VIPa increased salivary gland blood flow by 350%, whereas there was no effect on cerebral blood flow and vascular conductance (FIG. 2) . In contrast, bio-VIPa/OX26-SA at an equal dose (20 g/kg) after intravenous injection to conscious rats caused a marked increase in cerebral blood flow by 60%, which was statistically significant (p Ͻ 0.05). Moreover, bio-VIPa/OX26-SA had no significant effects on peripheral organ blood flow, such as salivary gland. The lack of peripheral effects of the chimeric peptide is probably due to the large molecular size of the chimeric peptide (200,000 Da vs 3817 Da for VIP) limiting its diffusion into exocrine tissues such as salivary gland. Therefore, conjugation of the peptide drug to the BBB delivery vector using a avidin/biotin technology makes it possible to achieve enhanced brain uptake leading to CNS therapeutic effects, while restricting drug uptake by peripheral tissues, and thereby reducing side effects or toxicity. The overall therapeutic index of the VIP chimeric peptide was increased by an order of magnitude. As discussed before, VIP has potent vasodilatation and neuroprotection, both effects could be beneficial for the treatment of ischemic stroke, provided VIP is able to cross the BBB to achieve a pharmacologic level in the brain after peripheral administration. Although we did not test the neuroprotection of VIP in an experimental ischemic model, the data presented here clearly showed enhanced brain uptake and improved therapeutic index after conjugation of VIP to the BBB peptide drug delivery vector, e.g., OX26-SA.
TARGETING BDNF FOR TREATMENT OF ANIMALS SUBJECTED TO GLOBAL AND REGIONAL BRAIN ISCHEMIA
BDNF is an endogenous peptide with very short plasma half-life (Ͻ10 min). 29 Therefore, there are two major limiting factors that need to be overcome to achieve neuroprotection in vivo after peripheral administration of BDNF. One is the poor BBB permeability, and another is the unfavorable pharmacokinetics. The BDNF was modified by attachment of 2000-Da strands of polyethylene glycol (PEG 2000 ) to surface carboxyl groups. 54 This modification is termed pegylation and results in prolonged plasma circulation of the neurotrophic factor. The pegylated BDNF was conjugated to the OX26 mAb with the use of avidin/biotin technology as described before. In this approach, a single biotin moiety was attached to the tip of one of the PEG strands conjugated to the BDNF. The BBB delivery vector OX26-SA can immediately capture the biotinylated BDNF-PEG 2000 . The combined conjugate, designated BDNF-PEG 2000 -biotin/OX26-SA, has an improved plasma pharmacokinetics and BBB PS, relative to unconjugated BDNF. 54 After the multiple modifications, the biological activity of the BDNF chimeric peptide was evaluated using a cell survival study and the TrkB autophosphorylation assay. Both BDNF-PEG 2000 -biotin and 39 Bio-VIPa ϭ monobiotinylated VIP analog; bio-VIPa/OX26-SA ϭ complex of bio-VIPa and a conjugate of SA and OX26 mAb to the rat transferrin receptor. OX26-SA ϭ conjugate of the rat transferrin receptor mAb and SA with no bio-VIPa attached.
BDNF-PEG
2000 -biotin/OX26-SA retained their biological activities as compared to the native BDNF. 54 Initially, the BDNF chimeric peptide was administrated for the treatment of rats subjected to transient forebrain ischemia. 40 The animals were randomly assigned into four groups after a 12-min period of transient forebrain ischemia, which was confirmed with an isoelectric EEG during the ischemia (FIG. 3) . The first group received intravenous injection of equal volume of buffer. The second group was given equal dose of unconjugated BDNF, and the third group received equal dose of the OX26-SA. The treated group received the chimeric peptide with equal doses of 0.25 mg/kg of BDNF and 1.7 mg/kg of OX26 mAb per day for a week. Without treatment, the neuronal density in the hippocampal CA1 sector was decreased by 68 Ϯ 10% at 1 week after the ischemia (FIG. 4) . Neither unconjugated BDNF nor the OX26 mAb showed any neuroprotective effects. By contrast, the hippocampal CA1 neuronal density was normalized by intravenous administration of the BDNF chimeric peptide 40 (see FIGS. 3 and 4). This represented the first time that BDNF was neuroprotective against brain ischemic injury in living animals after peripheral (intravenous) administration.
With the initial success, two more projects were designed for further evaluation of the neuroprotective effects of the BDNF chimeric peptide in animal models for 40 focal brain ischemia. 42, 43 In the first project, the rats were subjected to permanent middle cerebral artery occlusion (MCAO), and treatment with the BDNF chimeric peptide was initiated immediately via intravenous injection. The BDNF chimeric peptide produced a dose-dependent neuroprotection as evidenced by infarct volume reduction up to 65%, whereas equal doses of unconjugated BDNF and the OX26 mAb were ineffective. Delayed treatments showed that the BDNF-mediated neuroprotection in the permanent MCAO model has an effective window of 1-2 h after the ischemia, although the pharmacologic effect was progressively diminished in proportion to the time delay between MCAO and treatment. 38, 42 The second project was designed to test whether the BDNF chimeric peptide was still effective after delayed intravenous administration (1 h after ischemia) in an animal model for transient focal brain ischemia, e.g., 1 h of MCAO followed by reperfusion. Although the treatment was given by a single dose, the neuroprotective effects were observed at either 24 h or 7 days later, with infarct volume reduction of 68%, and 70%, respectively. 43 The results indicated that the neuroprotective effects of the BDNF chimeric peptide in the animal model of transient MCAO was long lasting and persisted for at least 7 days. One interesting finding was that the BDNF chimeric peptide was only effective in the reduction of cortical infarct, but not subcortical injury. This is consistent with prior finding by Schabitz and associates, 55 indicating that the neuroprotection of BDNF is largely cortical.
BBB TARGETING OF BFGF FOR NEUROPROTECTION AGAINST REGIONAL BRAIN ISCHEMIA
Human bFGF is a potent neurotrophic factor that has been consistently demonstrated to be neuroprotective in a variety of in vitro tests and in vivo studies using different animal models of brain ischemia. 33 However, the dose of intravenous bFGF that was required to achieve neuroprotection in the brain was relatively high, and the peripheral side effects, which are apparently dose dependent, have stopped clinical trials of bFGF as a neuroprotective agent. 35, 36 The high peripheral doses are required because the transport of bFGF (molecular weight of 16,400) across the BBB is slow and limited to absorptive-mediated transcytosis of this cationic peptide. 34 Human recombinant bFGF was monobiotinylated and the product was termed as bio-bFGF. In parallel, the OX26 mAb was conjugated to SA via a stable thio-ether bond. On the day of experiment, bio-bFGF was added to the conjugate OX26-SA and was immediately captured by the SA due to the binding property of avidin/biotin. The bFGF chimeric peptide showed a retained receptor binding affinity and had an improved plasma pharmacokinetics and BBB permeability. 41 Then, the neuroprotective effects of bFGF chimeric peptide against hypoxia/ reoxygenation injury were evaluated using the mixed rat forebrain cortical cell cultures. 56 As shown in Figure 5 , both bio-bFGF and bio-bFGF/OX26-SA exhibited comparable neuroprotection in a dose-dependent manner as did the unconjugated bFGF. By contrast, OX26-SA did not show any significant neuroprotection in the same cultures. Subsequently, the bFGF chimeric peptide was intravenous administrated to rats subjected to permanent MCAO, whereas equal doses of bFGF, or the OX26 mAb were also given to different animals as controls. A single intravenous injection of the bFGF chimeric peptide, equivalent to a dose of 25 g/kg bFGF, produced an 80% reduction in infarct volume, whereas the equivalent doses of unconjugated bFGF or the OX26 mAb did not exhibit any significant neuroprotection in the same model ( see FIG. 6 ). The neuroprotection was time dependent, and there was a 67% reduction in infarct volume even if the bFGF chimeric peptide was administrated 60 min after MCAO, whereas no significant effects were observed if the treatment was delayed beyond 2 h. Moreover, at an equivalent dose of 5 g/kg, e.g., approximately 1 g per rat (body weight of 200 g), the bFGF chimeric peptide still exhibited neuroprotection as evidenced by 34% reduction of infarct volume, which was statistically significant (p Ͻ 0.01). As compared with the prior studies using the same MCAO model, 33 this study using BBB targeting strategy achieved a reduced dose (25g/kg of bFGF chimeric peptide vs 135-200 g/kg of 56 bio-bFGF ϭ biotinylated bFGF; Conjugate ϭ complex of bio-bFGF and a conjugate of the OX26 mAb to the rat transferrin receptor and SA; OX26-SA ϭ no bFGF attached. unconjugated bFGF) and an enhanced neuroprotective effect (80% infarct volume reduction versus 24-50% in the prior studies using unconjugated bFGF). This is probably one of the highest potencies we have ever demonstrated so far in terms of neuroprotective effect in living animals following noninvasive peripheral administration of a neurotrophic factor.
FUTURE PERSPECTIVES
Although the results in the use of the chimeric peptide approach for the treatment of experimental brain ischemia are very promising, there is still a big gap between these laboratory studies and clinical application of the chimeric neurotrophin peptide for treatment of patients with acute ischemic stroke. One of the concerns is the immunogenicity of the antitransferrin receptor antibody that is used as the BBB peptide drug delivery vector. This problem can be solved or ameliorated by the use of humanized antibody via genetic engineering. 57 Humanized antibodies are less likely to provoke an immune reaction in human subjects than are murine-derived antibodies. Another related advance is the use of genetically engineered fusion proteins containing avidin and antitransferrin receptor antibody. 58 The fusion proteins are expected to be bifunctional, e.g., the high binding affinity to the transferrin receptors to trigger transcytosis across the BBB, and the capacity of capturing of any biotinylated large molecular therapeutics to form a chimeric peptide or protein. The success of this project will greatly reduce the working burden of investigators in the tedious preparation of the chimeric peptide with multiple steps of conjugation.
As discussed earlier, the side effects of most of neurotrophins are dose dependent. One strategy to minimize side effects is to reduce the dose as much as possible, and this can be achieved by the chimeric peptide strategy for BBB drug targeting, but the BBB delivery efficacy needs to be improved to further reduce the dose of neurotrophins. So far, most of the studies were carried out using mouse monoclonal antibody against rat transferrin receptor. Recent work, however, has shown that mouse antihuman insulin receptor (HIR), designated as 83-14, has severalfold greater BBB permeability in primates, as compared with the brain uptake of the OX26 mAb in rats. 59, 60 The HIR mAb has been genetically engineered to form a human/mouse chimeric mAb, and the affinity of the chimeric mAb for the HIR is identical to that of the original murine mAb. 61 The use of the chimeric HIR mAb is likely to further reduce the dose of neurotrophin while maintaining neuroprotective effects. Also, the use of the chimeric HIR mAb makes it more feasible for future clinical studies with BBB targeted neurotrophins for acute ischemic stroke because the data derived from the studies in primates are more predictive for effects in humans.
The pathology of ischemic stroke is a complex, and it's unlikely to cure the disease with a single therapeutic agent or approach. There is an increasing interest in the combination therapies for patients with ischemic stroke. [62] [63] [64] Several groups of researchers have already tested the strategy of combined therapies, including therapy using two small molecular neuroprotective agents, 62, 65 dual antiplatelet therapy, 66 and treatment with combined small molecular neuroprotective agent (citicoline) and neurotrophin, e.g., unconjugated bFGF. 67 It is anticipated that combination therapies using two chimeric neurotrophin peptides would have additive or synergistic effects in the future treatment of experimental ischemic stroke. 56 Bio-bFGF ϭ biotinylated bFGF; Conjugate ϭ complex of bio-bFGF and a conjugate of the OX26 mAb to the rat transferrin receptor and SA; OX26-SA ϭ no bFGF attached.
